Lead halide perovskites were known to be a prospective family of materials for terahertz (THz) generation. On the other hand, perovskite nanostructures, nanoantennas, and metasurfaces allow tailoring perovskites optical characteristics, resulting in more efficient interaction with incident or emitted light. Moreover, the perovskites are robust materials against formation of defects caused by mechanical deformations and can be efficiently nanostructured by various high throughput methods. In this work, we have enhanced THz emission from MAPbI 3 perovskite upon femtosecond laser irradiation using nanoimprint lithography. The formed nanostructures not only improve absorption of the incident laser pulses, but also lead to a non-symmetric near-field distribution. As a result, we have enhanced the efficiency of THz emission from the nanostructured perovskite by 3.5 times as compared with a smooth perovskite film. Our results paved the way for a new application of large-scale perovskite nanostructuring, making halide perovskites competitive with more expensive conventional semiconductors for THz generation.
Introduction
Methylammonium lead iodide perovskite (CH 3 NH 3 PbI 3 or MAPbI 3 ) is an organic-inorganic material, which combines vital advantages for modern photonic sources [1] , optoelectronics, [2] and photovoltaics [3] , such as strong direct interband transitions resulting in high absorption in visible range (α > 10 5 cm −1 ) and efficient luminescence, whereas huge carrier lifetimes (up to microsecond scale) yield long carrier diffusion lengths [4] . Moreover, it is a solution processed semiconductor and thin films are formed at low temperatures considerably to simplify functional devices fabrication.
Recently, this material was proposed as a novel and relatively efficient source of terahertz (THz) emission after pumping it above bandgap with femtosecond laser pulse [5] [6] [7] . Photo-Dember [5] , bulk photovoltaic [6] , and surface depletion field [7] effects were proposed to be main mechanisms responsible for the THz generation in MAPbI 3 . Also, the generation of THz radiation from lead bromide perovskite due to shift current mechanism upon two-photon nonlinear excitation was demonstrated very recently [8] . Despite the exact physical origin and contribution of different effects to the process of THz emission in perovskites, it is still the field of debates. Relatively efficient emission of THz radiation was recently demonstrated with the electric field amplitude only one order of magnitude lower than that of InAs [7] , paving the way for creation of cheap, compact, and efficient THz sources.
Further optimization of the THz emission efficiency can be done by employing advanced nanophotonic structures, as it was achieved with various semiconductors [9] [10] [11] [12] [13] [14] [15] [16] . In turn, halide perovskite nanophotonics [17, 18] and metaoptics [19] are rapidly developing platforms for boosting efficiencies of various optical and optotelectronic devices from lasers to solar cells. In particular, periodic arrays of perovskite nanostructures were employed for luminescence enhancement [20] [21] [22] [23] , solar cells efficiency improvement [24] , and optimization of light outcoupling from perovskite light emitting devices [25] . Halide perovskite integrated with various plasmonic structures were also employed for efficient THz pulses modulation [26] [27] [28] [29] . Moreover, halide perovskites are soft enough to enable nanoimprint lithography (NIL), being one of the most throughput method for perovskite functional patterning [30] , which is hard to exploit for conventional semiconductors (e.g. III-V compounds) that are the most efficient sources of THz.
In this work, we proposed an approach to enhance THz emission from a halide perovskite thin film by means of its nanopatterning. We showed experimentally that THz field amplitude can be enhanced up to 1.75 times (or up to 3.5 times for THz intensity) with strong dependence on polarization of the incident light. Our numerical simulations show that the nanostructure supports lateral gradients for near-field in the sub-surface layer making the contribution stronger to THz generation via free carriers transient spatial separation. The applied NIL approach for the perovskites nanopatterning paves the way for costefficient THz emitters fabrication.
Methods

Perovskite synthesis
Lead(II) iodide (PbI 2 , 99.99%, TCI), methylammonium iodide (MAI, 99.8%, Dyesol), dimethylsulfoxide (DMSO, 99.8%, anhydrous, Alfa Aesar), N, N-dimethylformamide (DMF, 99.8%, anhydrous, Sigma-Aldrich), diethyl ether (95%, Vecton) were used as received. PbI 2 (1 mmol, 461 mg) and MAI (1 mmol, 159 mg) were mixed and dissolved in DMF (700 mg) and DMSO (70 mg) by shaking for 5 min to give 1.25 m perovskite precursor solution. The solution was filtered by using 0.45 μm PTFE syringe adapter. All the manipulations were carried out in a N 2 -filled glove box with H 2 O and O 2 levels not exceeding 1 ppm.
Thin film deposition
Glass substrates of 1.5 × 1.5 cm size were cleaned mechanically with sodium bicarbonate and after that subsequently sonicated in acetone and 2-propanol (IPA) for 5 min. Before the spin-coating, the substrates were treated with ozone for 3 min to eliminate residual surface contaminants. Then, substrates were evenly covered with 35 μl of the perovskite ink and spun for 55 s. A spin-coating procedure consisted of two steps: (i) 1000 rpm for 10 s; (ii) 2000 rpm for 45 s. One milliliter of diethyl ether was dripped on top of the precursor layer at 15 s to precipitate perovskite in the form of polycrystalline thin film. After the spin-coating, the substrates were annealed on the hot plate for 30 min at 50°C.
Nanoimprint lithography
After the annealing the samples were subjected to NIL process. As a master form a standard commercial optical DVD disk was exploited. The mold was prepared in the following way: a plastic part of a disc was separated from a part covered with metal foil; the latter was cut in 1 × 1 cm 2 pieces suitable for NIL procedure. At room temperature, pressure of 1 ton per 1 cm 2 was applied to the mold laying over perovskite film. In order to get high-quality grating, NIL procedure should be accomplished in a certain time window when the concentration of DMF/DMSO in MAPbI 3 film is small enough to avoid removal of the perovskite material from the substrate with the mold. However, the remaining solvent fraction should be sufficient for surface modification in the pressure range when the substrate does not crack.
Samples characterization
Morphology of the perovskite films before and after NIL process was studied with a scanning electron microscope (SEM, Zeiss Auriga FIB-SEM) in back-scattering electrons mode. Accelerating voltage was 5 kV to avoid perovskite damage or degradation upon the electron beam.
THz experiments
For detection of THz radiation, we used reflection geometry (the angle of incidence to the surface is equal to 45°) with phase-sensitive electrooptic sampling. As a pump source we took laser with 35 fs pulse duration, wavelength 400 nm (second harmonic generated in BBO crystal), with rate 1 kHz, the size of the beam is 0.5 cm 2 . For electro-optic sampling 1 mm ZnTe crystal was employed. It should be noted that the experimental setup did not provide nitrogen purging. Experimental setup is shown in more details in Section S1 in Supporting Information.
Transient photocurrent measurements
To induce photocurrents in fabricated samples, we employed second harmonic of Ti:Sapphire amplified system output, delivering 40 fs, 2.5 mJ pulses with 1 kHz repetition rate at 800 nm (1.55 eV) fundamental wavelength. The pump fluences used to excite the samples are well below the damage threshold of initial perovskite layer and did not result in any visible damage during the measurements. In experiments, the unfocused pump beam with diameter of 0.5 cm was directed to the sample surface at incidence angle 45°, providing fluence around 100 μJ/cm 2 . The induced photocurrents were measured at room temperature and zero-bias across conductive electrodes applied to the surface of perovskite samples by the voltage drop on the 50 Ω input impedance of a 600 MHz digital oscilloscope connected to electrodes in short-circuit scheme.
Numerical simulations
Numerical simulations were performed by using frequency-domain solver in the commercial software CST Microwave Studio. Incidence of a plane wave with λ = 400 nm on a MAPbI 3 perovskite film [31] of a given profile was considered.
Results
Samples fabrication
For fabrication of the samples, we used NIL, which is one of the most throughput method of nanopatterning perovskite thin films, because a polycrystalline thin layer of MAPbI 3 behaves as a soft material that allowed us to work in a pressure range where the substrate does not crack [30] . Usually, lithographically-made silicon molds are employed for surface nanostructuring. However, manufacturing of such molds is a complex and expensive process, therefore, risk of damaging during NIL restrains their utilization for large-scale and mass-production applications. In order to make a nanostructure on a perovskite layer, we used a metallic part of an unrecorded commercial DVD disk, representing 1D grating with a period of 0.75 μm.
The schematic illustration of the fabrication process is shown in Figure 1A . Initially, 600-nm-thick perovskite film covers the glass substrate evenly ( Figure 1B , more details on the films synthesis and deposition see Section 2 Methods), and after applying NIL, a grating with period ≈0.75 μm, line width ≈0.5 μm, and height ≈0.1 μm is formed on the film surface ( Figure 1C ). Also, the samples show rainbow colours under white light illumination due to light diffraction on the formed grating ( Figure 1A ). Such surface grating might be useful for not only standard optical applications, but also can be employed for enhanced THz emission as schematically shown in Figure 1D .
THz measurements
In order to generate THz emission from the obtained samples we irradiated them by second harmonic of 35-fs amplified Ti:Sapphire laser centered at 400 nm (for details, see Methods). In agreement with previous studies [5, 7] , Figure 2A shows, that the peak amplitude of the emitted THz radiation is a linear function of incident laser fluence. Deviation from the linear dependence is observed only at higher pump fluence (>100 μJ/cm 2 ) which is close to the threshold of perovskite visible modification. Namely, at higher fluences, the THz signal is not stable and film irreversibly changes color to yellow in 10 minutes approximately, which might be related to perovskite decomposition MA.
The inset of Figure 2A shows the mutual orientation of polarization vector of the incident laser field and grooves direction. We considered two incident polarizations for the laser pulse falling on the MAPbI 3 film at the angle of incidence equal to 45°, i.e. when the polarization vector is parallel (TE) and perpendicular (TM) to the grooves, respectively. The insets of Figure 2B show generated THz field amplitude in time domain measured at fluence equal to 100 μJ/cm 2 . At the time ≈1.8 ps relatively to the arbitrary chosen starting point similar for the all measurements, we observed the build up of THz emission. The maximum THz field amplitude was observed after ≈3.1 ps. The field oscillations of THz pulses can be detected until ≈6 ps. After that, we did not detect any measurable signal at the picosecond scale. To analyze spectrum of emitted THz radiation, we applied Fast Fourier Transformation. The resulting spectra are shown in Figure 2B , where central peaks of the THz emission are located at ≈0.6 THz, which is consistent with previously reported experiments [5, 7] .
We also compared THz emission from perovskite and InAs semiconductor, which predominantly generates THz via photo-Dember effect [32] . Figure 2C represents the comparison between THz field amplitudes from different samples measured in reflection configuration upon identical excitation conditions (fluence 40 μJ/cm 2 ). As compared to the InAs slab, the generated THz radiation is ≈3.5 times (lower) for the smooth perovskite thin film and ≈2 times lower for the nanopatterned sample pumped with TM-polarized light.
Ultrafast photocurrent measurements
In order to provide the comparison between performance of smooth and NIL perovskite layers, we performed additional photocurrent measurements. We employed the experimental procedure developed in the work [6] and have described in details in Section 2 Methods. The experimental geometry is schematically depicted in Figure 3A . Upon excitation with femtosecond pulses, the duration of the induced transient photocurrent response obtained from the perovskite sample is determined by the registration system bandwidth rather than by the internal characteristics of the sample, while its magnitude represents the time-integrated current. Since the photocurrent is triggered by an ultrashort (40 fs) laser pulse and the current dynamics in perovskite is expected to be on a sub-picosecond time scale [26, 29] , the timevarying current J should result in the emission of the THz wave proportional to dJ/dt [33] . Since these photoexcitations occur in the unbiased sample, the transient photocurrents J x and J y or the resultant free-space emission of TE-or TM-polarized THz radiation, respectively, provides information regarding the internal bias near the sample surface.
The typical temporal profiles of photocurrent pulses induced in smooth and NIL perovskite samples under excitation with different optical polarizations are shown in Figure 3B . As one can see from Figure 3B both TEand TM-polarizations induce pronounced photocurrent response in smooth and NIL samples. While the amplitude of photocurrent signal in smooth sample is oscillating around zero, in the case of structured sample there is pronounced enhancement of response when the polarization vector of light is perpendicular to the grooves of the imprinted grating.
By measuring the voltage drop across two orthogonal pairs of electrodes, we were able to simultaniously measure longitudinal (J x ) and transverse (J y ) components with respect to the light incidence plane components of the induced photocurrent as well as to the patterned grooves in the NIL sample. Polarization dependences of the induced J x and J y components of the photocurrents were identified by measuring the peak-to-peak amplitudes of the corresponding photocurrent waveform while rotating half (λ/2) waveplate positioned before the sample by an angle, which varied the state of the laser polarization with a period of 90°.
The peak amplitude values of the photocurrent signals induced in smooth and NIL perovskite films as a function of light polarization (rotation of λ/2 plate) are shown in Figure 3C and D, respectively. Generally, one can see the increased amplitude of the sinusoidal curves for NIL sample as compared with smooth one (see additional description of the measurements in Supporting information), which also indicates the enhancement of photocurrent in the nanostructured perovskite film.
Discussion
According to our experimental findings (Figure 2A) , the peak amplitude of the emitted THz field (E THz ) from both smooth and nanostructured samples demonstrate linear dependence on the excitation laser fluence. This is fully consistent with most of possible mechanisms of THz emission from semiconductors involving one-photon absorption which includes photo-Dember and lateral photo-Dember [5] , bulk photovoltaic [6] , and surface depletion field [7] effects. Indeed, independent on the exact mechanism the amplitude of emitted THz field is proportional to the number of photogenerated carriers (E THz ~ N eh , where N eh is the density of photogenerated carriers) and, therefore, in the case of one-photon, absorption is linearly dependent on the incident laser fluence. Thus, the linear dependence of THz field amplitude on the pump fluence is a common feature for THz emission via one-photon absorption and cannot be used by itself to distinguish between different mechanisms of THz emission [33] .
In the previously reported work [5] , the photo-Dember effect was proposed as the main contribution to the generation of terahertz radiation in MAPbI 3 . In the photo-Dember mechanism, transient current (oscillating dipole) induced by the spatial difference in photogenerated electrons and holes concentrations, and it has the direction predominantly normal to the film surface. However, radiation of such a dipole is directed mostly along the surface which obstructs the output THz field from the sample and in the absence of factors which provide the tilt of the dipole orientation from parallel to perpendicular to the surface normal photo-Dember effect would not provide any THz signal in our experimental geometry with detection in the direction of the pump laser pulses reflection. Moreover, the Dember effect by itself cannot explain the pronounced polarization dependence clearly observed in our photocurrent experiments ( Figure 3C-D) .
On the other hand the bulk photovoltaic effect (BPVE) was recently proposed as the possible origin ultrafast photocurrent response and THz emission from MAPbI 3 [6] . In general BPVE can be considered as a second-order non-linear optical effect and therefore would demonstrate linear dependence of excitation laser fluence. The distinct feature of the BPVE is pronounced dependence of induced photocurrent direction and amplitude on polarization and helicity of pump photon. Moreover, this dependence has a complex form which encodes the symmetry and the electronic band structure features of the emitting material. However, in the current study we resolved the prominent polarization dependence only in photocurrent experiment rather then in THz emission. Therefore, the separation of contributions from various effects into the generation process is not a trivial task. We considered the possible factors tilting the emitting dipole orientation leading to THz radiation pattern having its maximum in the direction of laser pulse reflection. We would like to note here that we did not exclude joint contribution of several effects, for example via constructive or destructive contribution of bulk and surface photocurrents associated with photo-Dember, lateral photo-Dember and BPVE. In order to explain the efficient THz emission in the direction coinciding the reflection of pump light, it is necessary to consider factors increasing electron-hole pairs generation efficiency (i.e. absorption increase) or change the dipole orientation (so-called lateral photo-Dember effect [34] . The contribution from increased electron-hole pairs generation in the nanostructured perovskite film can be estimated from numerical calculations of the absorption of 45° incident plane wave with wavelenght 400 nm by means of CST Microwave Studio. In Figure 4A , we have shown the resulting absorption for smooth and structured films for different orientations of the polarization of the plane wave with respect to the grooves direction. For both polarizations, the absorption for the modified samples at the wavelength of excitation increases about 8% and 9% for perpendicular and parallel polarizations, respectively. The calculated increase of absorption correlates with our additional measurements of photoluminescence and photocurrent enhancement from the smooth and nanoimprinted films (for details, see Section S2 in Supporting information). Apparently, the increased absorption itself is not sufficient to describe the 2-3.5-fold enhancement of THz intensity 2 ( ), THz E and near-field structure of the penetrated incident light has to be considered in more details.
In order to understand the effect of nanostrusturing of the MAPbI 3 film surface, we calculated electric-field distributions with respect to the polarization vector and morphology. The resulting images are shown in Figure 4B , where three cases are shown: smooth and nanostructured films with TE and TM polarizations of the incident light. For the smooth film, the field distribution is homogeneous with no concentration gradient along the surface, this corresponds to the movement of charges perpendicularly to the film surface. Alternatively, for the imprinted films the field distribution is not homogeneous for both polarizations. It means that the areas with local field enhancement have higher concentration of charges than rest of the regions. It induces the diffusion current in the direction where the concentration is lower. For the nanostructured samples, the near-field distribution is non-symmetric in the case of TM-polarization for 45° incident plane wave. This results in some nonzero angle relative to the surface normal for the transient current in xy-plane, which leads to the tilting of the induced dipole and improvement of the THz emission outcoupling. Therefore, such surface nanostructuring can improve overall efficiency of THz generation owing to both lateral photo-Dember effect and enhanced incident light absorption.
Conclusion
To conclude, we have demonstrated considerable enhancement of THz signal from a nanostructured MAPbI 3 perovskite film upon femtosecond laser irradiation. Our numerical simulations have revealed that the grating on perovskite not only improves absorption for incident laser power, but also changes the direction of diffusion current of photogenerated carriers due to non-symmetric near-field distribution. As a result, the nanoimprint lithography can be considered as one of the best approach of large scale perovskites patterning for improvement of their THz emission characteristics. Our results paved the way for new application of largescale perovskite nanostructuring, making the halide perovskites competitive with conventional semiconductors for THz emission. Further integration with advanced photonic designs [35] and up-scaling would have a great potential for a wide range of applications from medical imaging to security screening [36] .
